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SUMMARY

The objective of this research program is to develop diagnostics for
e-beam excited air channels; these diagnostics are intended to aid the study
of propagation of high energy electron beams in air. Our primary task during
this first year has been to develop and calibrate an optical system for
determination of vibrational and rotational temperatures in the air channel
during the e~beam pulse. Secondary tasks involve emission spectroscopy
studies to search for an improved optical Faraday cup for primary beam current
and for a way to measure temperature in the air channel following the pulse.

In addition to the above tasks, we have recently carried out and report
here an experimental determination of absorption in e-beam excited air
channels. Measurements were made at 9 Ar' laser wavelengths and 5 Kr' laser
wavelengths, for a low current (4 A/cnz), long pulse (400 ns) e-beam pump, and
for a high current (3000 A/c.z), short pulss (2.5 ns) e-beam pump. The

average absorption coefficient in the low current tests wvas a ~ 3 x 10-‘/cn.

and in the high current tests it was a ~ 3 x 10'3/c-. In the short pulse

tests, the absorption peaked ~ 3 ns after the fluorescence (on average) and

decayed with approximately a 10 ns rate. The strengths, the time histories,
and the current dependences of the absorptions suggest that the absorbing
species is a positive ion.

Based on these results, we expact that the steady state absorption at

visible wavelengths for high current e-beams like the Experimental Test

Accelerator and the Advanced Test Accelerator at lawrence Liversore National
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Laboratory will be a = 3 X 1072/cm. The absorption will increase

exponentially with ~ 10 ns time constant. Then, the absorption at t = 1 ns

for a step front current pulse will be a ~ 3 x 10"3/cm.
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1 INTRODUCTION

As the tempo of development of particle beam weapons increases, more
detailed diagnostics of the interaction of the particle beam with the
atmosphere are being proposed and implemented. Some of these diagnostics
involve probing of the excited air channel with visible wavelength laser
radiation. Examples include the use of visible wavelength interferometry to
‘measure electron density profiles in the nose of the beam [Ri81] and Stark
shift measurements to determine self-induced electric fields [Hi8]1,DR81]. In
these diagnostics, the change in laser intensity due to the desired diagnostic
effect can be quite small, leading to the possibility that other effects, such
as gas phase absorption, could seriously interfere wﬂ:h the measurement. It
is well known that electron-beam pumped laser media always exhibit visibl
wavelength absorptions during the e-beam pulse. In some cases, the abgorption
can be identified with a specific atomic or molecular transition, but this is
not slways possible. In particular, the pure rare gases excited by an e~beam
exhibit a continuous background absorption that has not yet been assigned
[2uN79] .

We have conducted an experimental program to determine the magnitude of
visible wavelength absorption (specifically, on Art and Xt laser lines) in
air excited by an electron beam. The measurements consisted of two phases.

In the first phase, a low-current, long-path excitation source was used. When
the results of those tests indicated the possibility that high-current beams
would cause large absorption, the measurements were repeated using a short-

path, high~current source. The results of both phases are reported hers.
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II EXPERIMENTAL DETAILS

Electron-Beam Sources

The first set of experiments were performed using a Maxwell Excitron
e-beam source, which provided a 400-ns pulse of 350~kV electrons with a
current density of 4 A/an over a 50-cm path. The e-beam was fitted with a
cell that was filled to 1 atm with laboratory air., The beam is quite uniform
both spatially and temporally during the pulse, and steady-state conditions
exist during all but the initial rising portion of the pulse. The current-
pathlength product was ~ 200 A/cm.

In the second set of experiments, the excitation was provided by a
Febetron 706, which produces a 2.5-ns FWHM pulse of 600-kV electrons. A
Faraday cup with a O.6~am—diameter aperture was used to measure the spatial
and temporal e-beam profile. The results of a scan across the beam centerline
are shown in Figure 1. The peak curreat was ~ 2200 A/cnz. and the FWHM was
1.2-cm., The total current was ~ 4300 A, and the integrated current path
length experienced by a probe laser beam was J‘jbdx = 3000 A/cm. No cell was
used; the e-beam traversed laboratory air for 9.5-cm, then it impinged on a
plate that was symmetrically grounded back to the e-beam case. The temporal
history of the e~beam pulse is shown in Figure 2; the pulse is nearly
triangular with ~ 2,.5-ns FWHM.

Optical Systea

In both sets of experiments, we used a Spectra Physics Model 171~17 argon

ion laser, prism-tuned to operate on nine different lines, and a Spectra
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Physics Model 171-01 krypton ion laser tuned to five different lines. Neither

laser was fitted with an etalon and so operated on several longitudinal

modes. This resulted in laser amplitude modulations at approximately 100 Miz;
the fluctuations were about 7 + 32 of the average intensity. These

fluctuations averaged out in the long-pulse measurements, but limited the

gensitivity in the Febetron tests.

In addition, we used a Coherent Radiation Model CR3000K krypton ion laser

e A——

for measurements on the Febetron. The stability of this laser was worse; the
amplitude modulations without an intracavity etalon were about 30%, whereas
' v the etalon reduced the fluctuations to -~ 1.6%. However, the etalon also

| caused a substantial reduction in output power,
. \ﬁr ' The laser was mechanically chopped to provide a 1-ms pulse at 1% duty ;
cycle, which prevented saturation of the detector. A beam splitter reflected
a fraction of the pulse into a photodiode that triggered a time delay
generator. After suitable delay, the generator triggered the e-beam source to
provide an excitation pulse approximately midway into the chopped laser pulse.

In the first set of experiments, the laser probe beam was passed through

the long-path cell, then directed into a screen room where it impinged on a

detection photodiode. The total path from the center of the cell to the
detector was ~ 4 m. The layout for the Febetron experiments is shown in
Figure 3. The laser was focused with a 100-cm focal-length lens on the center
; of the e-beam, and then refocused with a telescope onto a photodiode that was
3 or 7 meters from the e-beam, depending on the detector. This minimized

refraction effects, such as beam steering and/or focusing/unfocusing, that 1

Y. - might have been introduced by the beam. A diverging lens or a ground glass

} plate was placed immediately in front of the photodiode to minimize local

saturation effects and to average out spatial nonuniformities in the laser
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beam. The latter property vurther reduced any beam steering and focusing
effects that might not have been eliminated by the focusing telescope. A
filter (usually 10-nm FWHM) that transmitted the laser probe was also placed
in front of the photodiode to reduce the airglow fluorescence signal that is
produced simultaneously with the excitation pulse,

In the Febetron experiments, the laser probe was multiply passed through
the e-beam channel. The mirrors were 5-cm apart and 2.5-cm in diameter, and
in all but one set of data reported here, nine passes were used. Since the
total light transit time through the mirror system was ~ 1.5 ns, which is on
the same order as the e~beam pulse width, the instantaneous abgorption
weasured was a time average over 1.5 ns., However, a careful deconvolution of
a typical absorption history gave approximately the same result as neglecting é
the transit time averaging; therefore all results reported here were |
calculated simply by dividing the peak instantaneous absorption by the number
of passes.

The Maxwell Excitron long path experiments and the first set of Febetron
experiments were performed using an ITT Type F4000 vacuum photodiode with $-20
photocathode. The signals from this large ares photodiode (4~cm dismeter)
were very low in some cases, thus limiting the sensitivity of the
experiments. In a second set of Febetron experiments, we used an RCA C30817
silicon avalanche photodiode of ~ 1 nnz sensitive area and with a
sensitivity of ~ 30 A/W in the visible. It was necessary to attenuate che
laser beam at all wavelengths to keep from overloading this detector.

Although the quoted rise time for the detector is T, < 2 ns, we found that

it tracked our fluorescence pulses without distortion.

12
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Data Ptocessing

In the long-path, low-current experimgnts, the photodiode signals were
recorded on a Tektrcaix Type 555 oscilloscope. The 50-MHz bandwidth of this
scope averaged out the higher frequency amplitude fluctuations of the laser,
while the 400-ns e-beam pulse width made visual signal averaging of the
absorption histories straightforward. There was a small residual fluorescence
signal in these experiments, which was subtracted out of the data traces
before calculating the absorption. The sensitivity in these experiments
varied from 0.1 to 1%, depending on the strength of the laser line, while the
absorptions observed varied from 1 to 3% (for the total 50-cm path).

In the Febetron experiments, the output of the photodiode was displayed
on a Teketronix 7844 oscilloscope, which was used to monitor the chopped beam
and set the initial laser intensity, Simultaneously, the signal was fed to a
Hewlett Packard Model 8447A amplifier (measured gain 6X), with the amplified
signal fed to a Tektronix R7912 transient digitizer. This syastem was used to
record and average 10 comsecutive shots conducted under identical coanditiouns

(~ 10 shots per minute). In a typical data sequence, the laser was then
blocked upstream of the e-beam, and 10 background shots (which included any
residual air fluorescence) were recorded and averaged. The final absorption
history was the difference between the two averages.

A separate shot was taken with the laser blocked and the optical filter
removed to measure the air fluorescence. The fluorescence was assumed to be
synchronous with the current pulse, and the relative time histories of the
fluorescence and absorption were taken as representing the correlation between
the current and absorption histories. Separate shots were also taken to
establish the amplitude fluctuations in the laser intensity, both with and

without amplification, as reported for the different lasers above.

13




Efforts were made to eliminate spurious causes for the obeerved
absorptions. We have already noted our use of a focusing telescope and
diffusers to minimize refraction effects. We also blocked the e-beam between
the source and the laser probe path and verified that rf noise effects were
not changing the laser beam intensity. In one case, we rerouted the laser
around the unblocked e-beam and verified that there was again no change in
laser intensity. Finally, we used four mirrors spaced 2.5 cm away from the
e-beam axis and used eight mirror bounces of the laser beam (without
traversing the excited air volume) to see whether scattered electrons
impinging on the mirrors could cause & momentary reduction in reflectivity
that could be mistaken for gas absorption. (In the absorption experiments,
the laser experienced eight bounces off two mirrors spaced 2.5 cm from the
beam axis.) Again, there was no change in laser intensity observed during the
e-beam pulse due to this effect.

Another parameter that can be used to determine if the observed signal
was really due to gas phase absorption is the gas composition and/or
pressure. Since we were not using a cell, we could not readily change the
gas. However, the experimental volume was enclosed in a lead box intended for
x-ray and rf attenuation, and we did two experiments at )\ = 488 mm 4in which
we flushed the box thoroughly with N, or Ar, The absorptions in both
experiments were much stronger than in air (a = 1.2 x 10-2/plll for N, and

a= 2,4 x lo-zlpass for Ar, compared with a = 5 x 10-3/plsc for air),
indicating that the absorption is indeed gas phase. The time histories of the

N, and Ar absorptions were quite similar to those for air.
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II1I RESULTS

Eggngath, Low-Current Experiments

The most definitive data set from this series of tests is shown in
Figure 4. The top trace is the e-beam voltage monitor, showing the 400-ns
voltage pulse., The middle trace is the laser transmission history, showing
absorption during the e-beam pulse. The bottom trace shows the chopped laser
signal, which establishes the I, value. In this case, the total intensity
change due to absorption plus fluorescence is 0.74Z; subtracting the
fluorescence contribution gives an absorption coefficient of 2 x 10-4/c-. A
time correlation between absorption and excitation level cannot be established
from this picture because the e-beam current does not turn cn and off as
rapidly as the voltage.

The absorption coefficients determined for nine Art lager lines and five
Kr+ lines are shown in Figure 5., With the exception of the result at
454.5 om, the values are a = 4 x 10-4/cn to within a factor of 2. The error
bars shown represent experimental uncertainties ( I° and Al) for individual

tests.

High~Current Experiments

Initial Febetron experiments conducted in the same way as the long-patﬁ
experiments showed no evidence of absorption, and it was necessary to make
several modifications to the setup to substantially increase the
gensitivity. Changes included the addition of mirrors to create a multipass
probe of the excited air volume, addition of a signal smplifier, and use of
the transient digitizer system to average repetitive signals. Additional

efforts were made to reduce the rf noise to levels that did not interfere with
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the signal., With these modifications, the limitation to the sensitivity was
imposed primarily by the fluctuations in the laser intensity. As noted
earlier, these averaged about 7% for the-Spectra Physics Art and krt lasers
operated without etalons, and ~ 1.6 for the Kr' laser with an etalon.
Figure 6(a) shows a single shot transient digitizer recording of an
unamplified signal from the Art laser at 514.5 nm; the highest frequency noise
is faster than the system response aud so must be spurious fluctuations in the
recorder, but an approxiomately 100-MHz fluctuation of ~ 4% peak to peak is
clearly seen. A 10-shot average of the same signal shown in Figure 6(b)
indicates a smoothing of the + 4-mV fluctuations to + 1 mV. However, when the
signal is amplified 6 times, Figure 6(c), the randommness of the signal is
about + 8 mV. These traces, taken without firing the e-beam, are
representative of the "noise” level of the experiments.

An example of one of the poorer absorption traces (A = 514.5 ni,
signal/noise = 1) is shown in Figure 7(a). One can only be sure that
absorption is present by virtue of seeing the same intensity perturbation
appear in gseveral repeated shots, with the perturbation correlated with the
fluorescence history shown in Figure 7(b). A more convincing absorption
history, again at 514.5 nm, but taken with the silicon avalanche photodiode,
is shown in Figure 8(a), together with the fluorescence trace in Figure
8(b). These figures illustrate not ouly a range of signal to noise, but the

scatter in the absorption coefficients (1.6 x 10'3/paol versus 4.5 x 10~
3/plll) and the uncertainty in time delay between peak fluorescence and peak
absorption At ~ 4 and 1 ns).

A summary of the absorption coefficients determined from these
experiments is presented in Figure 9. Points with error brackets are msan

values and standard deviations of several shots (the number of shots is given

18
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in parenthesis above the bar). Results obtained with the two types of photo-
diode detectors are presented separately, but are in good agreement with each
other. The absorption coefficients vary over the range (2.5-5) x 10"3/pus
(1 pass = 1 cm). It 18 not clear that the aboo?ption has a systematic
wavelength dependence, especially since there is little if any correlation
between the wavelength dependencies of the low current and high current tests.
The second interesting aspect of the absorption is the time dependence.
The absorption is clearly time-correlated with the fluorescence, but
quantitative determinations are difficult because of the poor signal-to-noise
ratios. The peak of the absorption occurs within a few nanoseconds of the
peak of the fluorescence. Mean values and standard deviations of the time
delay for the tests at each wavelength are shown in Figure 10. The scatter is
large, and one might suspect that larger delays correspond to poorer signal-
to~noise (S/N) ratios. However, if the time delay for each test is plotted
versus the S/N ratio of that test, as shown in Figure 11, there is no apparent
correlation, and we conclude that on the average the absorption peak lags the
fluorescence peak by ~ 2.5 ns. The decay of the absorption is also obscured
by the random fluctuations in intensity, but examination of all the data

suggests an exponential decay with ~ 10-ns time constant.
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IV DISCUSSION

A major surprise of this study was the weakness of the absorption in the

Febetron experiments. The low current tests (4 A/cmz) showed absorptions of
~4x 10-4/cn. The Febetron produces an equivalent of ~ 3000 A/cmz, and if
absorption were directly proportional to current, it would be . ~ 0.3/cm. In
fact, it was found to be ~ 4 x 10-3/cm, up by only a factor of 10 rather
than 750.

A small part of this nonlinearity with current can be attributed to the
fact that the Febetron pulse 1s too short for steady-state excited state popu-
lations of air species to be reached. We noted above that the decay rate for
absorption was ~ 10 ns; simple kinetics calculations indicate that the
absorbing species might only reach 20 of its steady-state population follow-
ing a 2-ns Febetron pulse. If we increase the absorption in the Febetron case
by a factor of 5 to account for this pulse length effect, the ratio between
the high~current and low-current test is still only about 50, compared with
the current ratio of /50.

These observations indicate that the absorbing species is probably not a
neutral molecular excited state for two reasons, TIirst, excited state popula-
tions should be proportional to the excitation rate (i.e., to the curreant),
but the absorption increases less than 1/15 as much as the current. Second,
the primary airglow emission that has been observed in the spectral region
studied here (540-680 nm) is from the nz(n3n8 » A5 "First Positive”
system [D064]. Then the N, (A) state would be the absorbing species, and the
time history of the absorption would reflect the population history of that
state. However, Nz (A) is a long-lived state, with 2 quenching lifetime in

air at 1 ata of 50-70 ns [SWB73;PC81]. The observed absorption decays in

about 10 ns, which is much faster than the expected Nz(A) decay.
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An argument against assignment of the absorption to NZ(A) can also be
made on the basis of the strength of the First Positive transition. The

abgorption coefficient, ¢ (cm_l), can be expressed approximately as

SR

* B B T

where A is the wavelength (cm), A\ is the spectral width of the absorption
(cm), AN is the population difference between the lower and upper levels of

the transition (cn‘a), 17 18 the transition radiative lifetime (s8), and c is

the speed of light. We can use the values of a = 3 x 10°3cn'1.
5 5s

cm, and t = 10 ({Je66] for the First

6/cn3 is required to

A= 5.5x% 10%m, M2 2x 10"
Pogitive system. We then can calculate that AN = 5 x 101
cause the observed absorption. However, we estimate that the total production
of excited states in air by a Febetron pulse is no more than ~ 3 x lolslcn3.

The fact that the absorption coefficient increases much less than the
current density suggests that the absorbing species population depends on pump
rate as P®, where n < 1. An example of such a dependence is the electron and

positive ion densities in a regime where the plasma is dominated by

recombination, Then the simple rate equation is

and for n, = N+, the steady-state populations of n, and Nt are

n, = N - (P/a)llz.
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In this case, n = 1/2, and since the pump rate is proportional to current
density, these populations would be expected to increase in the Febetron tests
over the low~current tests by the ratio (750)1/2 = 27, which 1s, in fact, in
reasonable agreement with the ratio of absorptions. Unfortunately, over about
: half of the range of current density, the air plasma is goverqed not by j

recombination but by attachment, The rate equation is then

P S

dne
r: i N

. and in steady state the electron density varies as

v \ | n, = P/BN_,

which 18 again a linear dependence on Jpe Constideration of both recombination
and attachment (using the rates g = 10_7cn3/s and N, =8 x 107/n for 1 atm
air) indicates that the steady~state electron density ratio is ~160, compared
with a current ratio of ~750.

The positive ion density varies somewhat less than n, in this simple

model, and the negative ion density may vary only slightly with pump rate.

The simplified rate model is

o+ ' -
e p - a'n, - o' N'N

-y, - oW
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together with the conservation equation n, +N = N+. Using the somewhat
arbitrary rate a' - 10-6 cm3/s glves a ratio between Pebetron and Excitron
tests for N of ~ 60 and for N of ~ 2.6 (compared with a measured absorption
ratio of 10 to 50).

This model is so simplified compared with the complex chemistry of air
that it can only serve as a guide., However, it does indicate that a positive
ion is most likely the absorbing species. There is, of course, still a
question of transition strength., The simple model indicates that Nt
populations will be = 1015/cn3. For this population to cause an absorption
of 3 x 10 -3/cm requires a radiative lifetime of = 200 ns or a broadband
absorption cross section of ~ 3 x lo_lscmz. These values are not
unreagsonable.

In any absorption measurement, one must consider the possibility of free
electron inverse bremsstrahlung absorption as the mechanism. In this éace, we
estimate the electron concentration in the Febetron tests to be less than
3x lolslcm3. The inverse bremsstrahlung absorption cross sectiom at 550 nmm
for 1 atm air at an electron temperature of ] eV is approximately
6 x 10720 cu?, Thus, this component of the absorption coefficient 1s

4

a~2x10 cn-l, or less than 10¥ of the observed value.
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V CONCLUSIONS

In the experiments reported here, absorptions in e-beam excited air have
been found at all wavelengths tested (8-9 Art laser lines and 4=5 k' lager
lines). The average values of the absorption coefficients were 4 x lO"/cn
for low-current (4 A/cmz), long~pulse tests, and 3 x 10"3/ca for high~-current
(3000 A/cnz), short-pulse tests. No wavelength dependence for the absorption
can be confidently established. Precautions have been taken to ensure that
experimental artifacts were not responsible for the absorption signals. In
the short pulse experiments, the absorption peak occurs on average about 3 ns
after the air fluorescence peak, and the absorption decays with about a 10-ns
time constant.

On the basis of the two current densities studied here, it appears that
the absorption scales with current density approxinateiy as jbllz. Some very
simple kinetic modeling suggests that a positive ion species might be the
absorber. Known neutral molecular transitions and free electron inverse
bremsstrahlung absorptions can probably be ruled out.

The implications of the present results for experiments on the
Experigental Test Accelerator at Lawrence Livermore National laboratory are as
follows, We will assume that the steady~state absorption in the Febetron
experiments is about 5 times the observed transient value, or about

1.5 x 1072/cm. Ve will also assume that the absorption scales with 3,!/2 in
the high-current range. Then the steady~state absorption level on ETA will be
about 3 x lo-zlcn. Since the absorption decay time constant was observed here

to be ~ 10 ns, the absorption should grow exponentionally with a 10-ns time

30
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v constant until the steady-state value is reached. Thus, for a step function

3 i current pulse, the absorption after 1 ns should be [1 - exp(-0.1)] of the

steady-state value, or about 3 x 10-3/cn.
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